In this study, the insulin secretory characteristics of the microencapsulated hamster islets were studied during long-term culture. The hamster islets were encapsulated as single-layer agarose microbeads or three-layer agarose microbeads with agarose and agarose containing poly(styrene sulfonic acid) (PSSa), respectively. The influence of PSSa on the function of the rat islets microencapsulted in three-layer microbeads was primarily monitored. The aim of this study was to examine the influence of the PSSa on the in vitro function of the islets encapsulated in the agarose/PSSa microbeads compared with single-layer agarose microbeads during long-term culture. The microbeads were cultured for 30 days in medium of Eagle's MEM at 37°C in 5% CO 2 and 95% air. The basal insulin secretion into the culture medium was measured daily during the first 12 days and two times per week until 30 days. The microbeads were subjected to static incubation test on the 10th, 20th, and 30th day during culture. The basal insulin secretion level of the agarose/PSSa microbeads was significantly higher than that of single-layer agarose microbeads. The static incubation tests revealed a similar pattern of insulin secretion from both microbeads when they were exposed to high glucose challenge. In the static incubation test, both could significantly increase insulin release to more than 6.61 times (stimulation index) in response to high glucose stimulation and could significantly decrease when glucose concentration returned from high glucose to low glucose on the 10th, 20th, and 30th day of culture. This study demonstrated that the hamster islets enclosed in agarose/PSSa hydrogel not only continuously secreted basal amounts of insulin, but also maintained their response to high glucose stimulation similar to the agarose microbeads. The above results together with those of our previous in vivo study suggest that the three-layer microbeads (agarose/PSSa) are well suitable for xenotransplantation of islets for the clinical application.
INTRODUCTION
In our previous study, we have successfully utilized agarose for microencapsulation of rat islets. We have The bioartificial pancreas (BAP), in which pancreatic also reported an indefinite survival of microencapsulated islets are enclosed in a selectively semipermeable memislets after allotransplantation (8). The microencapsubrane that protects the islets from host immunorejection lated islets prepared with agarose failed to survive for a without the need for immunosuppression after transplanprolonged period when they were xenotransplanted betation, is an attractive method to treat type I diabetic cause of the inability of the agarose layer to protect the patients. Microencapsulation of islets is one of the islets from host humoral immune system (10,11). For widely recognized methods of bioartificial pancreas, inixenotransplantation, a newly developed microbead comtially developed by Lim and Sun in 1980 (14) . Alginate posed of agarose containing poly(styrene sulfonic acid) and agarose are the commonly used materials for micro-(PSSa) mixed gel has been reported (9, 19) . It can proencapsulation of islets. The microencapsulated islets vide immunoisolation for the entrapped xenogeneic isprepared from improved alginate membrane were capalets from the host immune system. ble of reversing diabetes in BB rats (2) and in spontane-
We have previously reported the anticomplementary ous diabetic dogs (17). efficacy of PSSa (15) , and have noted some problems 404 XU ET AL.
with PSSa such as biocompatibility. In our recent in ters of paraffin oil kept at 40°C was poured into the centrifuge tube. The liquids were emulsified by manual vitro experiment, we observed that PSSa affected the function of islets during culture.
shaking to form the desired size of agarose/PSSa solution droplets and then immersed in an ice bath for 5 min In this study, we examined the influence of the PSSa on the in vitro function of the islets encapsulated in the with mild agitation to induce gelatin of the agarose/PSSa beads. Next, the suspension was mixed with 20 ml of agarose/PSSa microbeads during long-term culture when compared with single-layer agarose microbeads.
1% polybrene solution in serum-free MEM and immersed gently in an ice bath for 15 min. The microbeads MATERIALS AND METHODS were spun down into the polybrene solution by centrifugation at 800 × g for 10 min and the oil phase and poly-Islets Isolation brene solution were then removed by suction. Fresh 1% The pancreatic islets were isolated from 8-10-weekpolybrene solution was added to the centrifuge tube old male golden hamsters by the collagenase digestion again, and the centrifuge tube was immersed in an ice method (13) with our modified procedure. The animals bath and gently agitated for 30 min. The microbeads were anesthetized with ether and the pancreatic tissues were washed three times with ice-cold serum-free MEM were excised. The pancreatic tissues of three hamsters solution. Immersing the microbeads in 1% carboxywere chopped to about 0.6 mm size and mixed with the methyl cellulose (CMC) in serum-free MEM in an ice collagenase (type S-1) (800 mg/dl) in 5 ml of HBSS.
bath for 1 h covered the microbead surfaces further with The mixture was vigorously shaken for 6 min at 37°C. CMC, thus providing anionic surface charges, before be-Digested tissue was washed three times with ice-cold ing washed again with MEM. The microbeads contain-HBSS. The islets were hand picked using a stereomicroing islets were hand picked in petri dishes with MEM scope. Then they were encapsulated into agarose hydrosolution supplemented with 5% FBS under a microgel or agarose containing PSSa hydrogel.
scope.
Encapsulation of Islets In Vitro Study Agarose Microbeads. Encapsulation of islets was
The experiment were separated into two groups: midone by the method reported in our previous article (8).
croencapsulated islets made of agarose (agarose mi-The 5% concentration agarose solution in 3 ml of serumcrobeads, n = 5) (control group) and microencapsulated free Eagle's minimal essential medium (MEM) solution islets made of agarose/PSSa (agarose/PSSa microbeads, was autoclaved in a 50-ml glass centrifuge tube, then n = 5). From each group 10 microbeads were cultured in cooled and kept at 40°C for 8 min. About 1000 islets medium of 0.5 ml of Eagle's MEM supplemented with were suspended in a small amount of serum-free MEM 5% heat-inactivated fetal bovine serum (FBS) and 100 and they were mixed with the agarose solution. Twenty mg/dl glucose. They were culture at 37°C in a humidimilliliters of paraffin oil kept at 40°C was poured into fied atmosphere of 5% CO 2 and 95% air for 30 days. the centrifuge tube. The liquids were emulsified by man-During the first 12 days culture medium was exchanged ual shaking to form the desired size of agarose solution every day, and then it was exchanged two times per droplets and then immersed in an ice bath for 5 min with week thereafter. Each time samples were taken immedigentle agitation to induce gelatin of the agarose beads.
ately and frozen at −20°C for subsequent insulin assay After addition of 30 ml cold serum-free MEM to the with an enzyme immunoassay kit (Glazyme, Sanyo, Jatube, the mixture was centrifuged at 800 × g for 10 min. pan). The amount of insulin released into the culture The oil phase was removed by suction. The microbeads mediums was expressed as mean ± SD. The microencapcontaining islets were washed three times with ice-cold sulated islet morphology was examined regularly during serum-free MEM solution and were hand picked in petri culture using a phase-contrast microscope. During 30 dishes with MEM solution supplemented with 5% FBS. days of culture, a glucose challenge test by static incuba-Agarose Containing PSSa Microbeads. We enclosed tion system was performed on the 10th, 20th, and 30th the islets in the developing microbeads made of the day. Microbeads of each group (n = 5) were washed agarose and PSSa (agarose/PSSa) mixtures as previously once with serum-free MEM and were preincubated in described (9,19). Agarose (0.15 g) and PSSa (0.15 g) serum-free MEM containing 100 mg/dl glucose at 37°C were suspended in 3 ml of serum-free MEM solution in a humidified atmosphere of 5% CO 2 and 95% air for in a 50-ml glass centrifuge tube and were dissolved by 30 min. After washing again with serum-free MEM they autoclaving. The solution was cooled and kept at 40°C were incubated at 37°C for another 3 h. During this time in a water bath for 5 min, and about 1000 islets susthe hourly glucose concentration of serum-free MEM pended in a small amount of serum-free MEM were was as follows: 100 mg/dl (0-1 h), 300 mg/dl (1-2 h), 100 mg/dl (2-3 h). After incubating in serum-free MEM mixed with the agarose/PSSa solution. Twenty millili-containing 300 mg/dl, the microbeads were washed one increased insulin release more than 6.61 times (stimulation index) in response to high glucose stimulation time with serum-free MEM. The insulin level was assayed by the method described above. The insulin levels (1-2 h) and significantly decreased when glucose concentration returned to low glucose (2-3 h). The level of were expressed as mean ± SD. Student's t-test and analysis of variance were used for the statistical analysis. stimulation index is shown in Figure 3 . On the 10th day, agarose microbeads was 12.24 ± 4.04 (n = 5) and agar-RESULTS ose/PSSa microbeads was 14.81 ± 5.15 (n = 5) (p = Morphological Appearance of the Islets During 0.41); on the 20th day agarose microbeads was 34.22 ± the Culture Period 8.35 and agarose/PSSa microbeads was 22.81 ± 18.42 (p = 0.19); on the 30th day agarose microbeads was The morphological appearance of islets in the agar-10.42 ± 2.6 and agarose/PSSa microbeads was 6.86 ± ose/PSSa microbeads and agaroes microbeads 30 days 1.78 (p = 0.036). The level of stimulation index of the after in vitro culture is shown in Figure 1 . It was taken agarose/PSSa-bead group was not significantly higher or with a phase contrast microscope and shows that milower than that of the agarose bead group on the 10th croencupsulated islets maintained their shapes intact and 20th day, but it was significantly lower than that of during the period of culture.
the agarose bead group on the 30th day.
Daily Level of Insulin Secretion in the Medium

DISCUSSION During the Culture Period
To effectively make good use of xenoislets can over-During the 30-day culture period, the amount of insucome the serious shortage of human islets for clinical lin released into the culture medium was well maintrials of islet transplantation in type I diabetic patients. tained in the agarose bead and agarose/PSSa bead It motivates a search for alternative donor strategies. groups (Fig. 2) . We observed that the agarose/PSSa bead BAP will be one of the most promising methods to solve group (152.93 ± 75.79 µU/islet/day) had significantly the current extreme shortage of donor organs. In our prehigher insulin secretion than the agarose bead group vious study, successful results were achieved in islet al-(79.49 ± 55.70 µU/islet/day) (p < 0.05).
lografts by microencapsulation using agarose hydrogel crobeads, we developed a new type of agarose micro-crobeads. Thus, our present in vitro study results, together with those of our previous in vivo study (9, 19) , capsule containing PSSa carrying an ability to inactivate cytolytic complement activity (15) in xenogenic islet suggest that the three-layer microbeads (agarose/PSSa) are suitable for xenotransplantation of islets for the clini-transplantation (9,19). On the other hand, we have previously reported the anticomplementary efficacy of PSSa cal application. On the other hand, in the static incubation study, the (15) and have noted some problems with PSSa, such as biocompatibility. In our recent in vitro experiment, we results did not show significant differences between the agarose/PSSa microbeads and the single-layer agarose observed that PSSa affected the function of islets during culture.
microbeads on the 10th and 20th day of culture. There was a significant difference on the 30th day of culture In this study, we examined the influence of the PSSa on the in vitro function of the islets encapsulated in the ( Fig. 3) . Therefore, investigation of more long-term function of agarose/PSSa microbead might be necessary agarose/PSSa microbeads during long-term culture when compared with single-layer agarose microbeads. This in any future in vitro and in vivo study. In a recent experiment, we have taken notice of poly(2-acrylamido-study revealed that agarose/PSSa microbeads were better than agarose microbeads in maintaining basal insulin methylpropane sulfonic acid) (PAMPS) (16), which might improve PSSa biocompatibility and toxicity to the release into the culture medium during the 30-day culture period (Fig. 2) . In the static incubation, microbeads islet cell if it is applied in biohybrid artificial pancreas of microbeads for xenotransplantation. could increase their insulin release more than 6.61 times to high glucose stimulation, showing good secretory re-Although there has been a report of allotransplantation with some successful effects on clinical application sponse, and they were able to effectively control the insulin secretory behavior after glucose concentration was (18), it is known that the shortage of human pancreatic islets is currently a serious problem in clinical allotrans-returned from high to low level on the 10th, 20th, and 30th day of culture (Tables 1 and 2) . These results dem-plantation. Porcine pancreatic islets are potential xenograft donors, mainly because of their abundant availabil-onstrated that the hamster islets enclosed in agarose/ PSSa hydrogel not only continuously secreted basal ity and the structural similarity between human and porcine insulin. We have previously developed a novel amounts of insulin, but also maintained their response to high glucose stimulation similar to the agarose mi-effective method for isolation of adult porcine pancreatic
